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We consider the vector meson mixing scheme and mass sphtting within the framework of an 
extended U{3)l^ U{3)r chiral effective field theory based on the hidden local symmetry approach 
where, the pseudoscalar and vector meson nonets play the role of dynamic variables. Unlike other 
variants of this model, we show that the diagonalization of the vector meson mass matrix and 
the assumption that its eigenvalues are identical with the physical meson masses, determines the 
mixing scheme as well as the model free parameters. We show that VMD can be derived from our 
lagrangian and that for electromagnetic processes at low momenta the VMD model is a good first 
approximation. The model reproduces nicely the radii of the charged pions and kaons. 
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I. INTRODUCTION 
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^ ' In a recent contribution [Q it was indicated that, for any effective field theory (EFT) of colorless meson fields, 
the mixing schemes of particle states and decay constants are determined in a unique way by the kinetic and mass 
^"5 ' lagrangian densities. In a general case, these densities are bilinear in terms of the intrinsic fields, involving nondiagonal 
^SJ , kinetic and mass matrices. However, they can be reduced into a standard quadratic form by transforming the 
intrinsic fields into the physical ones in three consecutive steps. These steps include : (i) the diagonalization of the 
kinetic matrix, (ii) rescalling of intrinsic fields to restore the standard normalization of the kinetic term, and (iii) the 
diagonalization of the resulting mass matrix. In such case where the dimensions of the nondiagonal kinetic and mass 
submatrices are respectively, kx k and nxn, this procedure leads to schemes which involve [k{k— l)/2] + [n(n — l)/2] 
, mixing angles and k field rescalling parameters. The commonly used mixing schemes correspond to specific choice 
^-H of the kinetic and mass matrices. In particular, rj — rj' mixing requires one mixing angle scheme, if and only if, the 
kinetic term for the intrinsic fields has a quadratic form. Such are the traditional scheme and the one proposed 
' by Feldmann et al. [^^, the so called quark flavor basis (QFB) scheme. For bilinear kinetic and mass lagrangian 
densities (i.e. with nondiagonal kinetic and mass matrices) mixing schemes involve two mixing angles similar to the 
^ ones proposed by Escribano and Frere ||] . 

CIh" There have been several attempts to incorporate within a single effective lagrangian a wide range of different 
JL . electroweak and strong processes ||7|-p^. Particularly interesting are the Bando, Kugo and Yamawaki (BKY) model 
Qj '■ 0, based on the hidden local symmetry (HLS) approach, and variants of this model HJ^, where the vector mesons 
. (p,uj, K* , K* are identified with the dynamical gauge bosons of the HLS nonlinear chiral lagrangian. It was 
ILJ ' indicated by Benayoun et al. ||], that the original BKY model neither reproduces the observed vector mass splitting 
nor preserves current conservation for the pseudoscalar octet-singlet sector. A variant of this model proposed by 
Bramon et al. |^ also does not predict the masses correctly, although it guarantees current conservation, explicitly. 
5^ Yet another variant of this model ^ includes the 77' meson also, and to some extent cures these deficiencies. However, 
once the HLS lagrangian is extended to include the if meson, the trace of the pseudoscalar (and vector) nonet 
field matrix no longer vanishes, and therefore, a general expression for the lagrangian must include additional terms 
which are quadratic in the traces of the nonet field matrices. More recently, a most general lagrangian based on 
local U{3)l U{3)}i symmetry was constructed 12 , by combining the HLS approach with a general procedure of 



including the 77' meson into a chiral theory [p^-p^ . Both the symmetric parts of the lagrangian, as well as the symmetry 
breaking companions, include terms quadratic in the traces of the field matrices. Likewise, the lagrangian includes an 
explicit J7(3)l J7(3)fl symmetry violating mass term for the pseudoscalar mesons [ p^|p^ ]. These additional terms 
influence the meson mass spectra and more importantly, by means of the diagonalization procedure of Ref. Q| , not 
only the mixing scheme is defined uniquely but also, taking the eigenvalues of the resulting mass matrix to be equal 
to the physical masses, it was possible to fix a number of the model free parameters. All observables are calculated 
from the lagrangian straightforwardly without additional assumptions. Albeit, the lagrangian constructed reflects the 
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fundamental symmetries of the QCD lagrangian and provides a coherent theoretical framework where the pseudoscalar 
and vector meson nonets are treated on equal footing. 

Our main interest in the present work is to further develop and explore the C/(3)l U{3)r chiral theory of Ref. 
by considering the vector meson sector. It is demonstrated that in this case the relevant model parameters can 
all be fixed through the diagonalization procedure of Ref. . It has been illustrated already that the vector meson 
dominance (VMD) model emerges as a natural consequence of the basic assumption of the HLS approach where vector 
mesons play the role of gauge bosons. Particularly, the VMD model becomes a dynamical consequence for a specific 
choice of the HLS model parameter a — 2. Detailed analyses of data argue for departures from this value |9[[l7[|, and 
that in addition to the vector meson poles in the charged meson form factors, a direct photon- pseudoscalar meson 
coupling may also contribute significantly. More recently, Harada and Yamawaki [l^ ] have shown that in an effective 
field theory based on HLS, VMD may be badly violated. We demonstrate in this work that VMD derived from the 
lagrangian constructed in Ref. [ |T2| is a good first approximation for electromagnetic processes at low momenta. Our 
paper is organized as follows. In Section II we present briefly the lagrangian. In section HI we discuss vector mixing 
scheme and mass splitting corresponding to the lagrangian presumed in the simple case of exact isospin symmetry 
and in the more evolved case of isospin symmetry breaking. In Section IV we consider the photon interaction with 
hadronic matter and discuss the relation between the lagrangian constructed and the traditional VMD model. We 
summarize and conclude in Section V. 



II. THE EFFECTIVE LAGRANGIAN 

As in Ref. , the lagrangian is written in the form, 

L^La + La + L,n + a{Lv + Lv) - ^Tr{V^,V'"') + Lwzw + ■■■ , (1) 

where La{La) and Lv{Lv) are the symmetric parts (symmetry breaking companions) for the pseudoscalar and vector 
mesons, Lm is a most general £7(3)^ U{'i)R symmetry violating mass term p^ , p^ , Lwzw stands for the well known 
Wess-Zumino-Witten term pj| , po| , and the ellipsis ". . ." represents terms accounting for the regularization of one loop 
contributions p^ , p3| , p^ . All terms in the expression above are constructed from boson gauge fields V^i, and vector 
and axial- vector covariants defined as [ElU24J23l , 



A^ = ^{e^a^e} + ^(ev^e-a.eo ■ (3) 

Here and represent the standard model external gauge fields; — + and l^i = — a^i, with and 
being the vector and axial vector external electroweak fields, respectively. The non-linear representation of the 
pseudoscalar nonet fields is taken as [[l3yi4|jl^ , 

U{P, 770 + FoT?) = e{P, Vo + Fo^) = exp jz^P + , (4) 

with 770(2;) being the pseudoscalar singlet and P{x) the pseudoscalar Goldstone octet matrix, 

-T75-" + T7S'?8 1 , (5) 

K- 

with obvious notations. The vacuum angle i}{x) is an auxiliary field which renders the variable X{x) = ^/6rio{x) / Fq + 
'd{x) to be invariant under t/(3)L f7(3)i{ transformations [|T]. In this representation, the unimodular part of U 
contains the octet degrees of freedom while the phase detU = exp(i-\/67?o/-Fo) involves the singlet only. To lowest 
order (i.e., smallest number of derivatives) the lagrangian is built from traces of the covariants A^j, — gV^, A^A**, 
(r^ — gV'^)(r^ — gV^), D'^d, and arbitrary functions of the variable X{x), all being invariant under U{3)l U{3)ji 
transformations. Explicit expressions of various lagrangian parts are listed for convenience in the Appendix. Their 
derivation can be found in Ref. [|l^. Although the lagrangian, Eqn.^ appears similar to that of Bando et al. and 
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other variants of this model |^,^, the terms Li and their symmetry breaking companions Li{i = A, V) are different, 
including additional terms proportional to rr(A^)rr(A'"), Tr{Af,)D^'§ and TriV - gV'')Tr{Tf, - gV^,). Clearly, 
such terms must be included in any C/(3)l U (3)_r symmetry based HLS theory, where the traces of and — gV^ 
do not vanish. It is demonstrated below that these terms are needed in order to reproduce the meson masses from 
the lagrangian without imposing additional constraints. We add also that the matrix used to generate the symmetry 
breaking companions is a universal Hermitian matrix defined as, 

i? = + i^K^ ; ^ = diag{h,,, bd, bs) , (6) 

where bi — mi/{niu + rud + nris). This form guarantees that the ratio of S'[/(3)f symmetry breaking scales to 
isospin symmetry breaking scales be identical to the once of the underlying QCD. Note that, the lagrangian|^ involves 
coefficient functions Wi{X) which are absent in the S'C/(3) symmetry limit. Again such functions must be included in 
the process of extending the SU{3) l (3) u based model into a general U{3)l^U {3)ji theory. As a final remark 
we note that the symmetry violating mass term in Eqn. ^ has the exact form derived by Herera-Siklody et al. [ p^ . 
As in Refs. the sum a{Lv + Ly) contains, amongst other contributions, a vector meson mass term ^ V^V^, 

a vector-photon conversion factor ^ V^^A^ and the coupling of pseudoscalar pairs to both vectors and photons. The 
latter coupling can be eliminated by choosing a = 2 allowing to incorporate the strict VMD lagrangian We 
shall attempt to determine the value of this parameter from data in order to assess the validity of the traditional 
VMD model. Altogether, the lagrangian Eqn. |l| (see Appendix), involves symmetry breaking scales Ci,di (i=A,V), a 
general coupling constant g and a free parameter a. The symmetry breaking scales c^, cIa and r are determined from 
global fit analysis of radiative decay widths of pseudoscalar and vector mesons [ p^ . The other symmetry breaking 
scales cy , dy and ag^ are determined through the diagonalization of the vector mass matrix. 



III. VECTOR MESON MASSES AND MIXING 

We now turn to consider mixing and masses of vector mesons. The vector part a(Ly + Ly) of the lagrangian |6^ 
(See Appendix) involves a vector meson mass term ~ Vf^ V^ which determines as already indicated the vector mixing 
scheme, uniquely. Generally speaking, the vector nonet matrix V is the sum of an octet matrix Vg, involving the 

, p"^ , K*^ , K*^ , K*^ and ujs meson fields, and an SU{3)f singlet ujq matrix, e.g., 

V = Vs+rv-^ujoxl . (7) 

Here a departure of the parameter ry from one accounts for possible nonet symmetry breaking. However, unlike the 
case of pseudoscalar mesons, the light vector meson spectrum shows no clear evidence for such a departure. In the 
discussion to follow we take ry = 1, assuming exact nonet symmetry. Then, the vector meson nonet matrix has the 
form (for brevity the Lorentz indices of the vector fields are omitted) , 

As was already indicated in the introduction, the kinetic and mass terms of the lagrangian can be reduced to a 
standard quadratic form by first diagonalizing the kinetic matrix via a unitary transformation T, rescale the fields 
through a transformation R to restore the standard normalization of the kinetic term, and finally diagonalizing the 
resulting mass matrix through another unitary transformation fi. These three steps are sufficient to define the state 
mixing scheme [l|. 

From Eqns. p|"^6| and ^the vector meson kinetic and mass terms amounts to, 

Lkrn = -\{d^y. - d,V^){d^V- - d-V^) + ^-{V^MlV^ , (9) 



with. 



1, 
2 

cy {Tr{BVf,V^') + WiTr{BVf,)Tr{V^')) + dy {Tr{BVf,BVf') + WATr{BV^,)Tr{BV^'))] . (10) 



^V^MlV^' = aFig"" [Tr(y^y^) + WiTr{V^)Tr{y^') + 
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Thus the kinetic term has the standard normahzed quadratic form, and following ^ the mixing scheme is determined 
through the diagonalization of the mass matrix only and involves one mixing angle. The nonvanishing elements of 
the vector meson mass matrix read, 



= M'y (l + '^{hu + ha) + ^[6^ + &^ + w,{h^ - fed)'] j , (11a) 

lL^{p^p^) = ii\(\+'^^[h^ + hi) + dvhJ,^ , (lib) 

/^^(c^st^s) = My (^1 + Y(^« + ^'i + 4^^) + ^[(^n + ^d + 4^')+*4(6« + fe<i-26s)']^ , (He) 

^^(cjot^o) = My (^1 + 3iZ;4 + y(&« + 6d + &s)(l + 3w4) + + + + '^^{h^ + 5^ + h,f\^ , (lid) 

M^(p°W8) = Mv'^^(&« - ^d) (cy + + 6d + W4(&« + &d - 26s)]) , (He) 



M (p Wo) = My\/ g(^u - fed) ( cy(l + -W4) + rf\/[6« + 6d + W4(fc« + fed + fes)] ) , (llf) 



/^'(wgt^o) = A^t-^ (^cv(fe„ + fed - 26s)(l + 2'^'4) + dv\hi + fe^ - 26f + W4(fe„ + fed - 2fes)(6„ + fed + fes)] j , (llg) 
ix\K*^K^) = i,l[\^^.{h^^hs) + ^-h.uh^ , (llh) 

^2(^*0^*0) ^ ^2(^0^0) = (^1 + ^(5, + + ^5,6^.^ , (Hi) 

with, 

III = 2ag2F| , (12) 

We stress here that even in the limits of exact chiral symmetry and nonet symmetry, i.e. cy = = 0, ry = 1, 
the singlet vector meson mass, ra^^ — [iy\J\ + 3w4, differs from that of the octet m^^ — /iy. This distinct property 
occurs due to the term W^(X)Tr{T — gV^)Tri^^ — gV^) in the lagrangian Eqn. ^ Only for ?Zi4 = (corresponding 
to lagrangians previously used) all nonet meson masses are equal. R. Clearly, the mass matrix is nondiagonal due to 
the ojg — Wo, — and p° — ujq mixing. Notice though that the p — wg and — ujq admixtures are extremely small 
and and vanish in the limit of exact isospin symmetry (6„ = bd)- 

First we diagonalize the mass matrix in the limit of exact isospin symmetry. In this limit, taking bg — I and 
neglecting terms of the order of cybi, dvbi{i = u,d), the matrix mass assumes a particularly simple form with 
elements, 

P^ipp) = Pv . (13a) 
p^c^scos) ^pI^I + ^ + ^(1 + *4)) , (13b) 

^'(wowo) = My (^(1 + Y)(1 + 3^i4) + ^(1 + 1^4)) , (13c) 

2/ N _ 2 ^ f /, , 3 . 



/i (wgwo) = -My— (^cy(l + -W4) + dy(l + zl;4)j , (13d) 
M^(i^*) = M'y(l + f ) , (13e) 



which we diagonalize using the unitary transformation. 



ujs\_( cosdv sin^y \ ( u! 
ojQ I \ — sin 9v cos 0v 



(14) 



^In case of broken nonet symmetry it is still possible to maintain m„o 7^ pv but with the nonet symmetry breaking parameter 
fixed arbitrary to be = 1/(1 + 3w4) 
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It is straightforward to show that the resuhing physical meson masses and mixing angle are, 



uj 2 



i (^p.'^ {uJsLUs) + y?{LOQU}Q) - {^'^{lOqLOq) - ^2(a;gtjg))2 _|_ /^{pP- [LOQUJi!,)Y^ ' (15) 
"^0 = ^ (^^^(wst^s) + Ai^(t^oWo) + V (M^(t^Ot^o) - p'^{u09,Lds)Y + 4(^2(^^^g))2^ ^ (26) 

tan20y = 2M^(a;o^8) ^ _ / (^^^ - ^^)^ ^ ^ 



From Eqns. 13a-13e, with Wi = the mixing angle reduces to the ideal mixing angle value Ovideai = —54.7°, and 
more importantly does not depend on the symmetry breaking scales cy and dy. Correspondingly, the cj, K and (p 
meson masses become, 

n^l^^l^ "^1: = ™p(l + ^Cy) , to| = 771^(1 + Cy + dy) . (18) 

Clearly, assuming now dy = Cy /4 leads to the BKY Q mass relations, 

mj^ 2 

Otherwise, taking dy = leads to the mass relations of Bramon et al. § 

^ = l + lcy, ^^1 + Cy. (20) 

It should be stress though that in all of these private cases, the p and uj masses are equal and 9y = Oy ideal- To 
describe the actual vector meson masses we should keep dy as a free parameter and Wi ^ 0. Based on the proximity 
of the p and to masses, the parameter should be very small, and to first order the lu and (j) meson masses are, 

ml = mlil + 2w4) , ml ^ mlil + cy + dy){l + W4) . (21) 

Thus, the parameter W4 determines the p — uj mass splitting while (cy + dy) = 2(to^ — m'j,)/{m'^ + ml). At this 
order, using the expressions above and Eq.|l^ for m^, along with the experimental meson mass values Q one obtains, 
Cy = 0.69 ± 0.01, dy ~ 0.03 and W4 ~ 0.01. Indeed, 11)4 is very small but it plays an important role in reproducing 
the p — oj mass splitting. Note also that the actual value of the parameter dy is far smaller than c^/4 = 0.12 favoring 
the Bramon et al. |^ relations Eqn.^ More accurate values of these parameters can be deduced from the exact 
expressions for the vector meson masses. These are, W4 = 0.009 ± 0.0001 and dy = 0.025 ± 0.01. Correspondingly, 
the mixing angle for the vector meson states is dy = —(52 ± 1)°, rather close to ideal mixing. In turn, this value 
constrains the field admixtures due to nonideal mixing to be very small. With nonideal mixing taken into account, 
the matrix of the physical vector fields reads, 

(22) 

where e = 0.047 ± 0.001, being a measure of a non-strange (strange) admixture in the physical (p and lo) fields. We 
stress again that this parameter like the symmetry breaking scales cy,dy and 014 are all determined through the 
diagonalization of the mass matrix and the requirement that the eigenvalues of this matrix should reproduce the 
physical masses. 

We now consider the effects of isospin symmetry breaking on the mass splitting and mixing angle. The nondiagonal 
part of the mass matrix now reads 

/ m2(pV°) f^Hp'^s) pHp'^o) \ 

M^p"^, U8, too) = m'(p°W8) pH^scos) pH^sioo) (23) 
\p'^{p°uJo) p?{ujg,ujQ) p?{ujQUJa) ) 

It is convenient to write the transformation which diagonalize this submatrix in the form 




5 



n = ri(w8, wo)rj(p°, w, </>) 

where the transformation Q{u!s,i^a) diagonahze the LUg,,LUo submatrix 

/ 1 

rt{ujs,^a) = cos^y sin^y 
y — sin 6'y cos 0v 

and the transformation ri(p'',Ci;,0) diagonahze the reduced mass matrix 



(24) 



(25) 



pUJ 

.2 





"^P0 










m2 



(26) 



where, 



1 1 

"^P^ = ^Wpl^" - &d)cy , TOp^ = ^^™p(^" - bd)cvwi 



(27) 



From the Eq,26it is clear that effects of isospin symmetry breaking on the p and lo masses are negligibly small « 0.1% 
Taking W4 = 0.009 as above, it is rather easy to show that the matrix element m^^ is negligibly small and consequently 
the p'^ — (f) mixing angle is practically zero. Therefore we may write the 51(p*', u>, (/)) transformation in the simple form 



cos 6 




smo 


pUJ 


~ sin 




cos 6 















(28) 



where the p — lo mixing angle is given by the expression, 



ta.n29puj = -2- „ „ 



(29) 



With this in mind, we may now write the vector meson matrix in the form. 



V ^ 



/ Xtp°+X2U + e<t, 

-X2p"+Xtu+e4 



\ K* 



V2 



(j) + e(p° sin 9p^ - uj cos 6p^) J 



(30) 



with. 



Xi = cos Op^ ~ sin dpui 
X2 = cos Op^ + sin6'p^^. 



(31) 
(32) 



To evaluate the — lo mixing angle, we need an estimate of the quark masses ratios 6i, {i — u, d, s). We recall that. 



2(6„ + hi) 
1 



m^(6„ + 6,)(l + -CA) 



2(6„ + M""^^^'^^^^^'+2^^^- 



Then, we may estimate {bu — ^d) from the kaon masses g] according to, 



1- {bu + bd)/2 m\+ + m\o 



which yields, 



6„-6d = -0.0160 ±0.0005 



(33) 
(34) 

(35) 
(36) 
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With this value of bu — bd the calculated p'^ — uj mixing angle reads, 

^pc. = (-8.9±0.3)° . (37) 



For the parameter bg we have 



2ms / 1 \ / TTLK ^ ^ 



2 l+o^A -f^ -1, (38) 



m m„ + rud 1 — fes V ^ J \ itIt, 

which yields for ca = 0.64 ± 0.06 {Alternative 1 of Ref. |l|l) 

5s = 0.940 ±0.01 , (39) 

and consequently 6„ = 0.022 ± 0.005, bd = 0.038 ± 0.005. For the Alternative II {ca = 0.2 ± 0.05) an QFB mixing 
scheme {ca = 1.4 ± 0.1) we obtain bs = 0.928, 6„ = 0.028, bd = 0.044 and b, = 0.953, 6„ = 0.0155, bd = 0.0315 
respectively. This complete defining the mixing scheme in the case of isospin symmetry breaking. Here as in the 
analysis of the pseudoscalar meson sector the exact form of the matrix B used to generate flavor symmetry 
breaking (see Appendix) , guarantees that the ratios of SU (3) symmetry breaking scales to isospin symmetry breaking 
scales are identical to the ones of the underlying QCD. 



IV. VECTOR MESON DOMINANCE MODEL AND PSEUDOSCALAR MESON FORM FACTORS 

A particularly interesting aspect of the theory presented above is the interaction between the photon and hadronic 
matter. It was already illustrated by Bando et al. and O'Connell et al. |2^] that the HLS lagrangian is closely 
related to the well known VMD type 2 lagrangian and that by suitable transformation it can be reduced into the 
VMD type 1 lagrangian. (See also Ref. ^ on this matter). The lagrangian, Eqn.^ contains terms proportional 
to ~ Vfj.V'^ and Af^A^ and ^ V^.A'^, corresponding respectively to a vector meson and photon mass terms and 
photon-vector meson interactions, likewise, it contains the coupling of both vector mesons and photons to pairs of 
pseudoscalar mesons. By following arguments similar to those of Ref. [Efl we derive in this section explicit expressions 
for the photon, vector, and pseudoscalar parts of the lagrangian, EqnT^. We recall first that the covariants F^ and 
A^, Eqns.||,^can be expanded as, 

7 7 P 

r„ = -eA„Q + _ [P, a„Pl - —A, Q} - PQP) + . . . , (40) 



where stands for the photon field, Q — diag{2/3, —1/3, —1/3) the quark charge operator, and V is the pseudoscalar 
nonet matrix expressed in terms of the physical fields (see Ref. [121). The ellipsis ". . ." denotes terms involving higher 
powers of the fields. The covariant F^ — gV^ contains then terms proportional to {eA^Q — gV/^i). |^ By substituting 
the expression, Eqn.^ into the lagrangian part Ly + Ly we obtain the following photon and vector meson terms : 
(i) a direct photon-vector meson coupling. 



aL{V, 7) = aFigeA^' [Tr ({V^, Q}(1 -I- cyB)) + 

cyTr{V^)Tr{BQ) + dyTr {{BV^.BQ}) + 2dyTr{BQ)Tr{bV^)] , (42) 



(ii) a photon mass term. 



F2p2 / 1 



3 3 

(iii) a photon-vector meson-pseudoscalar meson interactions. 



aL,^^ = a^—A'^ [2+-{cy + 2dv) ] , (43) 



^Strictly speaking, - gV^ involves the terms -e{A^ - tan6lw^J!)(3 - 2Bini? Jcobi?„.- " 2V2sin'?vy ^ "^'^^^'^ Sive 
rise to direct V ~ A, V — Z'^ and V ~ W couplings. 
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aL{V, j,V) = ---zl + {rr({g, \V , d^V\\) + cvTr(B{Q, \V , d^V^) + 
dy (rr({BQ,B[7',a^7']}) + 2Tr(BQ)Tr(B[7',a^7']))} + ... , , 



(44) 



and (iv) a vector-pseudoscalar meson interaction term, 



aL{Y,V) = {Tr{{V^, [V, d^^V]}) + cy [Tr{B{Q, [V, d^^V]}) + 

Tr{V^)Tr{B[r,d''r])] 

dv [Tr{{BV^„ B[V, d^'calP]}) + 2Tr{BV^)Tr{B[V , d^V])]} + . . . . (45) 



Similarly, substituting the expansion of A^, Eqnj4l], into the pseudoscalar lagrangian part, La + La, leads to the 
photon-pseudoscalar meson interactions. 




Here the ellipsis . . . denote terms involving dW", n > 2. To summarize the photon- meson part corresponding to 



This last expression, with its photon mass i„i7 term is rather similar to the popular VMDII model | p6[ . By suitable 
transformation of the fields this term can be removed but prior to doing that some comments are in order. First, in 
complete analogy with the discussion of Ref. , we state here that the dressed photon propagator has the proper 
behavior of —ijq^ at small photon momenta but significantly modified away from = 0. This certainly may be 
important in describing processes at sufficiently high momenta. Secondly, it is clear that the neutral p", w and <^ meson 
mix with the photon, spontaneously breaking symmetry down to the t/(l)em- We may exploit the diagonalization 
procedure described in section III to introduce physical photon and mesons. In terms of these physical fields, the 
lagrangian has no explicit coupling between the photon and neutral mesons, whilst there is a direct coupling between 
the photon to hadronic currents in the limit of exact U{3)f- Thirdly, so far the value of the parameter a is left free 
and in order to assign its value one needs considering the dynamics underlying QCD. Taking a — 2 at the instance 
of exact symmetry, i.e.CA = dA = cy = dy = 0, leads successfully to the phenomenological KSFR relations [p7|j28| 
rrip = AF^g^, gp — 2(7p^^F^ with gp and i^p^^ are the pj and pmr effective coupling constants, respectively. 
Furthermore, with a = 2 the symmetric lagrangian part L{A, 7, 'P) + aL{V, 'y,'P) — so that the effective ■^tttt coupling 
constant vanishes. Thus in the limit of exact symmetry the pion form factor is saturated by the p meson contribution. 
All departures from the KSFR relations, nonvanishing effective jtttt coupling g^,r7r 7^ 0, and the p- meson dominance 
for the pion form factor are due to contributions from the symmetry breaking companions. The value a = 2.13 ± 0.06 
deduced from the p meson mass and its decay width into two pions, indicates that VMD provides, a good first 
approximation for the electromagnetic part of our lagrangian. With this value of a our lagrangian includes in addition 
to the usual VMD corrections due to direct photon-pseudoscalar meson coupling. 

We now turn to derive a more elegant form of the lagrangian Eqn.^ with manifestly a massless photon. We do 
that via transforming the vector meson fields into p^, R 



and define — gV^ = T/i — gVp where F^ does not involve the pure photon field contributions. In terms of 
these new fields, the lagrangian part Ly + Ly neither contains a photon mass term nor an explicit coupling of 
the photon to pseudoscalar currents, ~ [dfj,V,V]. Thus the terms Lm-y and aL{V,j,V) are removed from Ly + 
Ly. An explicit photon coupling to pseudoscalar currents, is now confined to the L{A,"f,V) term resulting from 
the pseudoscalar La + La part which is left unaffected by the transformation Eq n.^ . Clearly, since the F^ as 
before involves terms like -ieA^iVQV - {7^^, Q}/2)/2F| etc. the la grangian Ly + Ly still contains the photon — 
vector meson — pseudoscalar meson couplings. Correspondingly, since 



^Note that the same way the momentum independent direct — Z*^ and — couplings may be transformed into 
momentum dependent couplings 



the lagrangian, Eqn.|l| is given by, 



LyMDii 



-Tr{V,,,V^''') + aL{V, 7) + aL^^ + aL{V, 7, V) + aL{V, V) + L{A, 7, V) . 



(47) 



(48) 
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fiiy 



(49) 



the vector meson kinetic term transforms into, 



2 



(50) 



where as usual = df^A^, — di,A^. The first term on rhs of Eqn. [50|is the common kinetic term of the vector fields 
V while the second term describes the direct photon-vector meson coupling. The last term is associated with the 
kinetic term of the photon —A^^jA^^'^/A and can be removed by rescalling the charge e and the photon field according 

to pi, 



A' 



(51) 



Inserting all of these modifications into the lagrangian Eqnji^ leads to, 



L 



VMDI 



aFig^ [Tr(VV) + WiTr{V)Tr{V) + cy {Tr{BVV) + W4Tr{BV)Tr{V)) + dy {Tr{BVBV) + W4Tr{BV)Tr{BV))] 



dv [Tr({BV^, B[V, d^'V]}) + 2Tr{BVf,)Tr{B[P, d^V])]} 
--^zlA^{Tri{[Q,r],d>^V}) + CATriB{[Q,Vld>^r})} , 



(52) 



where for convenience we have omitted the ' from A'^ and e'. The last expression is closely related to the VMDI model 
with the characteristics of (i) a massless photon, (ii) a momentum dependent direct photon-vector meson coupling 
V^vA^" , and (iii) a direct photon-pseudoscalar meson coupling as well as the coupling through direct photon- vector 
meson transitions. 

To conclude this section we now use the lagrangian Lvmdi, Eq-^, to calculate the pion and kaon form factors. In 
the three diagram approximation (see Fig. 1) one obtains, 

1 

(53a) 



1 



2 TOp — q-^ 



1 



1 - Cy 



1 



2(1 + Cy + dy) 



1 



FKo{q^)^q 



2 3a 2 



1 — Cy 



q^ 3 
2(1 + Cy + rfy) 



m?p — q^ 



ml - gf2 



(53b) 
(53c) 



where zk = l/yl -I- ca/2 is a rescalling parameter defined from applying the diagonalization procedure to the 
pseudoscalar meson sector. It must be stressed that the three diagrams involving V — A transition vertex contribute 
to those terms proportional to Q^, only. The meson charge radii are completely determined by diagrams involving 
the conversion of p, w, (f) mesons into a photon (diagram lb). We have 

3a 1 



< rl > = 



< r 



2 ml 
3a 9 



2 
3a 



l-cy 1 ^ 2(1 + CV 
3 ml 3 

1 - cv 1 



2{\ + cv + dv) 1 



mt. 



m". 



(54a) 
(54b) 
(54c) 



The calculated radii of the pions and kaons along with data are listed in Table |. In the first three columns we list the 
results from our model for the Alternative I {ca = 0.64 ± 0.06), Alternative II {ca = 0.20 ± 0.05) and QFB scheme 
{ca = 1.4 ± 0.1) [ p^ . The results from the Alternative I and Alternative II explain equally well the pion and kaon 
radii although the criteria is slightly better for the former. The results from the QFB scheme are by far inferior. 
For comparison we show the radii calculated with a = 2.4 as determined by Benayoun and O'Connell Clearly, 
this value can not explain the charged pion radius. 
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V. SUMMARY AND CONCLUSIONS 



We have considered the vector meson sector within the framework of an effective field theory based on local 
U{3)l ^ U (3)fl symmetry, where the vector mesons play the role of the dynamical gauge bosons of the HLS nonlinear 
chiral lagrangian. This supplement a previous study of the pseudoscalar sector within this same framework. 
The lagrangian is written in the most general way, including additional terms quadratic in the traces of the field 
matrices, which no longer vanish once singlet contributions are included. With these terms included, particularly 
the contribution from the small Wi{X)Tr{Tf^ — gV^)Tr(T^ — term and its symmetry breaking companion, it is 
possible to reproduce the uj — p mass splitting. The explicit form of the lagrangian, through its kinetic and mass terms 
corresponding to vector mesons, determine the vector meson mixing scheme unambiguously. This observation which 
has been overlooked in previous studies allows us to calculate the model symmetry breaking scales and the value 
of ag^ through the diagonalization of the mass matrix. Once the value of g and a are disentangled, say from using 
another data point like the decay width of p — > tttt, the lagrangian is completely defined, and can be used to calculate 
all observables without any additional assumption. As an example we have calculated the form factors and radii of 
the pions and kaons. Our calculations reproduce straightforwardly the proper normalization of the form factors and 
explain nicely the charged radii. We finally indicate that VMD model emerges naturally as a first approximation of 
our lagrangian. This stands in marked difference with Ref. where VMD seems to be badly violated. 
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VI. APPENDIX 



For convenience we quote here the axial and vector parts of the lagrangian 0, explicitly. First the symmetric parts 



are, 



La = WiiX)Tr{Af,Af') + W4(A:)Tr(A^)Tr(A^) + 

W5{X)Tr{A^)D>'d + WQ{X)D^dD^d , (55) 
Lv = W^{X)Tr{[T^ - gV,,][T^^ - .gV^]) + 

W^{X)Tr{T^ - gV^)Tr{T^ - gV^ , (56) 



where 



D^^ = d^^ + Trir^ - l^) , (57) 

Vf,, = - d^Vf, - K] . (58) 

The symmetry breaking companions La are constructed in two alternative ways. The first (referred to as 
Alternative I) breaks SU (3) p symmetry, and corresponds to a quadratic form of the Goldstone meson kinetic energy 
term, 

La = WiiX) {cATriBA^A") + dATr{BA^BA'')) + 

WiiX)dATriBA^)Tr{BA^) + W5iX)cATr{BA^)D''^ . (59) 



where the axial vector covariant. 



\{ild,^s} + \{ilr,^8-isl^.il) , (60) 

involves the pseudoscalar octet field matrix only. The second alternative {Alternative II) breaks J7(3)_f symmetry 
and corresponds to bilinear kinetic energy term. Namely, 

La = Wi{X) {cATr{B A^A'') + dATriBA^BA^")) 
+Wi{X) {cATr{BA^)Tr{A^) + dATr{BA^,)Tr{BA^)) + 

W^{X)cATr[BA^)D^'^ , (61) 
with involves now the nonet pseudoscalar field matrix. Similarly the asymmetric companion of Lv is. 
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Lv - W,iX) {cvTriB[T^ - gV^][r>' - gV^]) + 
dvTr{B[T^ - 9V^]B[T>' - gV''])) + 
W^{X) {cvTr{V^ - gV^)Tr{B[V^^ - gV^']) 

+ dvTr{B[V^-gV^])Tr{B[T^^-gV^^])) . (62) 

In the expressions above, CA,dA, cv and dv are the symmetry breaking parameters determined from data. In Ref. jlj] 
Cyi, dA and r = Fg/Fo were deduced from global fit of calculated radiative decay widths. Their values as determined 
for the Alternative I, Alternative II and QFB mixing schemes are listed in Table ||. 





TABLE I. Pseudoscalar 


meson squared charge radii 


in fmF' 






Alternative I Alternative II 


QFB 


= 2.4 


Data 


<<± > 
<4± > 


0.43 ±0.01 0.43 ±0.01 
0.29 ±0.02 0.35 ±0.02 
-0.040 ± 0.003 -0.048 ± 0.003 
0.5 0.7 


0.43 ±0.01 
0.23 ±0.01 
-0.031 ±0.003 
3.3 


0.49 ±0.01 
0.33 ± 0.02 
-(0.045 ±0.003) 
2.1 


0.439 ± 0.03 
0.31 ±0.05 
-0.054 ±0.026 


TABLE II. Symmetry breaking scales and /d-of from global fit to data. Values marked with an asterisk 


were kept fixed. 




Cw 


CA 


dA 


r 


Alternative I 
Alternative II 
QFB 


-(0.20 ±0.05) 
-(0.27 ±0.05) 
-(0.19 ±0.05) 


(0.64 ± 0.06) 
0.2 ±0.05 
(1.4 ±0.1) 


-0.25 ± 0.04 
0.1 ±0.02 
-1.1 ±0.1 


0.91 ±0.04 
0.94 ± 0.05 

*1 
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FIG. 1. Diagram contributing into pseudoscalar meson form factors. Diagram a corresponds to direct photon-pseudoscalar 
meson coupling, diagram b involves the photon-vector meson conversion. 
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